We previously reported the cloning and sequencing of genes designated hmwl and hmw2 from a prototype nontypeable Haemophilus influenzae strain. The genes encode proteins which are related to filamentous hemagglutinin ofBordeteila pertussis and promote attachment of the nontypeable H. influenzae strain to human epithelial cells (J. W. St. Geme III, S. Falkow, and S. J. Barenkamp, Proc. Natl. Acad. Sci. USA 90:2875-2879 , 1993 . Subcloning studies suggested that correct processing of these high-molecular-weight proteins required the products of additional downstream genes. In the present study we analyzed the 3'-flanking regions of the hmwlA and hmw2A structural genes and found that both genes are flanked by two additional downstream open reading frames (ORFs), designated B and C, respectively. The B ORFs are 1,635 bp long. Their derived amino acid sequences are 99% identical and demonstrate similarity to the derived amino acid sequences of two genes that encode proteins required for secretion and activation of hemolysins of Proteus mirabilis and Serratia marcescens. The C ORFs are 1,950 bp long, and their derived amino acid sequences are 96% identical. In Escherichia coli transformants, interruption of the hmwlC or both the hmwlB and hmwlC genes resulted in defective processing of the hmwlA structural gene product and loss of the ability of the transformants to adhere to human epithelial cells. The precise interactions of the proteins encoded by these gene clusters are yet to be defined, but their elucidation may further our understanding of the biology of nontypeable H. influenzae bacteria and the interaction of these organisms with the human host.
We previously identified a family of highly immunogenic surface proteins of nontypeable Haemophilus influenzae which are related to the filamentous hemagglutinin protein of Bordetella pertussis (1, 2) . These Haemophilus high-molecularweight proteins share antigenic determinants with and demonstrate amino acid sequence similarity to filamentous hemagglutinin (2) . Furthermore, they appear to be important mediators of adherence for nontypeable H. influenzae (13, 20) , a role analogous to the role played by filamentous hemagglutinin for B. pertussis (15) . In earlier studies, we reported the cloning and sequencing of structural genes encoding two such high-molecular-weight Haemophilus proteins from our prototypic nontypeable Haemophilus strain (2) . These genes were designated hmwlA and hmw2A. Subcloning studies performed as part of this earlier work suggested that correct processing of the proteins encoded by these genes required the presence of an additional downstream gene or genes.
In the present investigation, we report nucleotide sequence analysis of the 3'-flanking regions of the hmwlA and hmw2A
genes. In addition, we present more detailed plasmid subcloning studies supporting the importance of products of these downstream regions in correct processing and functioning of the structural gene products.
MATERIALS AND METHODS
Bacterial strains, plasmids, and phages. Nontypeable H.
influenzae 12 was the clinical isolate chosen as our prototypic strain for study (2) . The organism was isolated in pure culture from the middle ear fluid of a child with acute otitis media. The strain was identified as H. influenzae by standard methods (8) and was classified as nontypeable by its failure to agglutinate with a panel of typing antisera for H. influenzae types a to f (Burroughs Wellcome Co., Research Triangle Park, N.C.) and its failure to show lines of precipitation with these antisera in counterimmunoelectrophoresis assays (25) . Furthermore, genomic DNA purified from strain 12 failed to hybridize with a plasmid probe, pU038, which contains DNA from the cap region of H. influenzae type b (7, 11) .
M13mpl8 and M13mpl9 were obtained from New England BioLabs, Inc., Beverly, Mass. pT7-7 was the kind gift of Stanley Tabor (23) . Escherichia coli BL21(DE3)/pLysS was a gift from F. William Studier. Strain BL21(DE3) contains a single copy of the T7 RNA polymerase gene under the control of the lac regulatory system (22) . Plasmid pLysS contains the T7 lysozyme gene. T7 lysozyme binds to the T7 RNA polymerase in vitro, and pLysS stabilizes many toxic T7 expression constructs, presumably by binding and inactivating the small quantities of T7 RNA polymerase produced by BL21(DE3) in the absence of isopropyl-13-D-thiogalactopyranoside (IPTG) (12) .
Molecular cloning and plasmid subcloning. Recombinant phages containing the hmwl or hmw2 gene clusters were isolated and characterized as described previously (2) . For plasmid subcloning studies, DNA from representative recombinant phages was subcloned into the T7 expression plasmid pT7-7 (23) . This vector contains the T7 RNA polymerase promoter 410, a ribosome-binding site, and the translational start site for the T7 gene 10 protein upstream from a multiplecloning site. Standard DNA methods for manipulation of cloned DNA were as described by Maniatis et al. (10) or Silhavy et al. (17) .
Plasmid pHMW1-14 contains the full-length insert depicted in the prototype HMW1 lambda phage (see Fig. 4 ). The construction of pHMW1-14 was described previously (2) . Plasmid pHMW1-15 was generated by digesting pHMW1-14 with NdeI and Spel, isolating the larger fragment, blunt ending with Klenow DNA polymerase, and religating. An NdeI site, derived from the multiple-cloning site in pT7-7, was present at the 5' end of the pHMW1-14 insert. Plasmid pHMW1-19 was constructed by digesting pHMW1-15 with PstI, isolating the larger fragment, and religating. A PstI site, also derived from the multiple-cloning site in pT7-7, was present at the 3' end of the pHMW1-15 insert. Plasmid pHMW1-20 was generated by digesting pHMW1-15 with MluI and Sall, blunt ending, and religating. Each of the resulting constructs was used to transform E. coli BL21(DE3)/pLysS. This strain was chosen for transformation because the high-molecular-weight recombinant proteins demonstrated less degradation in this E. coli strain than in the other standard laboratory strains we examined. DNA 
RESULTS
Sequence analysis of the hmwlA and hmw2A 3'-flanking regions. We previously reported cloning of the hmwl and hmw2 gene loci in the lambda vector XEMBL3 (2) . Subcloning studies performed as part of that earlier work suggested that gene products expressed by one or more downstream genes were required for correct processing of the hmwlA and hmw2A structural gene products (2) . To identify such downstream genes, in the present investigation we sequenced the 3'-flanking regions of both the hmwlA and hmw2A structural genes previously cloned in representative recombinant phage. In the case of the hmwl phage, the entire region 3' of the structural gene up to the junction point with the XEMBL3 vector arm was sequenced (see Fig. 4 ). In the case of the hmw2 phage, the region 3' of the structural gene was sequenced 200 bp past the point at which it completely diverged from the hmwl sequence.
(i) hmwlA 3'-flanking region. The nucleotide sequence of the hmwlA 3'-flanking region was determined by subcloning restriction fragments into phages M13mpl8 and M13mpl9. Figure 1 shows the sequence of the entire region analyzed and compares the hmwl and hmw2 sequences by using the GAP program (5) . The nucleotide numbers correspond to those previously assigned in the work describing sequence analysis of the structural genes (2) (Fig. 2) . The B gene amino terminus demonstrates characteristics of a typical prokaryotic signal sequence (27) Complete nucleotide sequences of the regions 3' of the structural genes in the hmwl and hmw2 gene clusters. The numbers assigned to the nucleotides correspond to those previously assigned when the structural gene sequences were reported (2) . The sequences were aligned by using the GAP program to identify regions of identity and nonidentity. The hmwlB gene ORF begins with an initiation codon at nucleotide 5114 and ends with a termination codon at nucleotide 6749. The hmw2B gene ORF begins with an initiation codon at nucleotide 4935 and ends with a termination codon at nucleotide 6570. The hmwlC gene ORF begins with an initiation codon at nucleotide 7062 and ends with a termination codon at nucleotide 9012. The hmw2C gene ORF begins with an initiation codon at nucleotide 6809 and ends with a termination codon at nucleotide 8759. The 5'-flanking region of the hmwlC gene contains a set of direct tandem repeats from nucleotides 6873 to 6989 with the sequence AAACCAAGC repeated 13 times. The 5'-flanking region of the hmw2C gene contains a single complete copy of this repeat. Restriction sites of relevance used in restriction mapping, subcloning, and sequencing are shown in boldface type. (Fig. 4) . No additional ORFs suggestive of coding secal to that described above for the hmwl gene cluster (Fig. 1 ).
quences were identified. (Fig. 1) , and the deduced amino acid sequences are 99% identical (Fig. 2) (Fig. 1) , and the deduced amino acid sequences are 97% identical (Fig. 3) . The 5'-flanking region of the hmw2C gene was different from that of the hmwlC gene. In contrast to the multiple direct tandem repeats upstream of the hmwlC gene, only a single copy of the AAACCAAGC sequence was present, with a few additional degenerate copies (Fig. 1) .
Protein sequence similarity search. The structure and function of the proteins encoded by the B and C genes in the hmwl and hmw2 gene clusters are currently unknown. In an effort to identify related proteins, we performed a protein sequence similarity search with the deduced amino acid sequences of these genes by using the Lipman-Pearson TFASTA algorithm (9) and the GenBank/EMBL nucleotide sequence library (5) . No related proteins were identified for either the B or C gene products in this initial search.
We had previously noted similarity of the derived amino acid sequences of the hmwlA and hmw2A structural genes and the derived amino acid sequences of the calcium-independent hemolysins of Serratia marcescens and Proteus mirabilis (2, 14, 24). For each of these hemolysins, the structural gene is flanked by a B gene that encodes an accessory protein required for the proper secretion and processing of the hemolysin (4, 14, 16, 24 (Fig. 2) . Over this stretch of amino acids. +he three non-Haemophilus proteins are identical at 9 of the 1 positions (26) .
Processing and secretion of the hmwlA and hmw2A structural gene products are likely to be energy-dependent processes. If the Haemophilus B proteins play an important role in processing of the structural gene products, the prediction would be that one might find evidence of ATP-or GTPbinding sites in the deduced amino acid sequences. When the deduced amino acid sequences of the hmwlB and hmw2B genes were examined by using the MOTIFS program (5), both were found to contain consensus ATP-GTP-binding "P-loop" motifs. Specifically, the deduced amino acid sequences from residues 183 to 190, GFSPFGKT, corresponded to the consensus ATP-GTP-binding motif of (A, G)X4GK(S, T) (Fig. 2) .
In contrast to the similarities noted between the B gene products and the hemolysin and filamentous hemagglutinin accessory proteins, TFASTA analysis with the deduced amino acid sequences of the hmwlC and hmw2C genes failed to identify any similar proteins in the current database. Genes similar to the C genes have not been found in either the Proteus or Serratia hemolysin gene clusters or in the recently described filamentous hemagglutinin gene cluster noted above (26) .
Effects of B and C gene deletions on processing of the
HMW1A protein. Having identified the two downstream ORFs
by DNA sequence analysis, we examined the effect of deleting one or both of these genes on processing of the structural gene product. We initially constructed a plasmid in which the hmwlA structural gene and both downstream genes were present (pHMW1-15) and then constructed derivatives in which the hmwlC gene (pHMW1-19) or both the hmwlB and hmwlC genes (pHMW1-20) were interrupted (Fig. 4) . Recombinant proteins expressed by E. coli transformed with these plasmids were then examined by Western blot (Fig.5A ). Constructs containing all three genes expressed a major recombinant protein with an apparent molecular mass of approximately 125 kDa (Fig. 5A, lane 2) . In addition, a higher-molecular-mass band of approximately 160 kDa was (2) . The sequence analysis and subcloning studies of the hmwl and hmw2 gene clusters reported here suggest that the high-molecular-weight adhesion proteins of nontypeable H. influenzae are members of a larger family of bacterial proteins with common functional and structural characteristics. Further characterization of the precise interactions of the proteins encoded by hmwl and hmw2 gene clusters should provide additional insight into the biology of this interesting family of proteins.
